The straight-chain alkane-assisted synthesis of hierarchical mesoporous silica materials (MSM) results in variable mesostructures and morphologies due to remarkably different self-assembly routes of template agent from those without the assistance of straightchain alkanes. The textural properties, particularly pore size, channel structure, morphology, and hierarchical structure of those MSM make them demonstrate peculiar effects in the immobilization of homogeneous catalysts.
Introduction
In the past two decades, ordered MSM have received much attention due to their tunable mesostructure, systematically tailored pore architecture, and their applications in adsorption, separation, catalysis, drug delivery, photonic, and nanosized semiconductors [1] [2] [3] [4] [5] [6] [7] [8] . The preparation of MSM is based on the use of structure-directing agents, which are normally organic molecules or supramolecules of surfactants and polymers, for example, EO 20 PO 70 EO 20 (Pluronic P123) for SBA-15 type MSM [9, 10] , Pluronic F127 for SBA-16 type MSM [11] , cetyltrimethylammonium bromide (C 16 H 33 N(CH 3 ) 3 -Br, CTAB) for MCM-41 [3] [4] [5] 12] and MCM-48 [13, 14] types MSM, and biodegradable polyethylene oxide (PEO) surfactants for MSU-X type MSM [15] [16] [17] [18] . Besides these supramolecules and polymers, some other materials like resin [19] and DNA [20] can also be used to prepare MSM. Particularly, the SBA-15 type MSM have attracted extraordinarily high attention because of their large pore size ranging from 4.6 to 30 nm, uniform ordered mesoporous channels, high specific surface area, connectivity of the mesoporous channels, and higher hydrothermal stability than some other MSM [1, 9, 10, 21, 22] .
In the preparation of MSM, the methods to tune the porosity, pore morphology, size distribution, and the hierarchical morphology of these materials are of particular interests. According to current knowledge, cooperative assembly between template molecules and silica precursors is generally involved to form mesostructured organic/inorganic composites during the preparation of MSM. The mesostructure can be maintained after removal of template. In other words, the formation of the ordered mesopores, specific morphology, and textural characteristics of final products is decided by the nanostructure of the self-assembled hybrid micelles of organic template molecules and inorganic framework species. The factors including hydrolysis and condensation of silicate species, the shape of micelles, inorganic salts, organic swelling agents, cosolvents, and cosurfactants are found to affect the morphology of final products [21, [23] [24] [25] [26] [27] .
One important finding in this field is that the addition of some pore expanders, for example, alkanes and aromatics, into the synthetic mixtures can greatly change the mesostructure and specific morphology of final products [28] . These pore expanders, for example, 1,3,5-trimethylbenzene (TMB) [9, 10, [29] [30] [31] [32] , ethylbenzene [33] , decane [31, [34] [35] [36] , hexane [37] [38] [39] , heptane [30, 37] , nonane [37] , 1,3,5-triisopropylbenzene (TIPB)/cyclohexane [40] [41] [42] , octane [43] , and N,Ndimethylhexadecylamine [44] , act as swelling agents and lead to enlarged micelle size of templates and subsequently enlarged pore size as illustrated in Figure 1 . In novel gemini surfactant system, decane was also employed to tune the pore size and mesostructure of MSM [45] . However, the pore expanding agents typically result in a decrease in mesostructure ordering and even a dramatic change in the type of mesostructure (e.g., from hexagonally ordered SBA-15 to mesocellular foam) while they readily increase the pore size and volume of micelle-templated materials [28] . In some cases, those swelling agents can remarkably change the particle morphology of obtained ordered MSM. While those micelle expanders, which show the excessively strong and thus poorly controlled swelling behavior, were used, it is hardly to simply enlarge the pore size without any changes in morphology, ordering, and type of mesostructure.
In this minireview paper, we focus on the effect of the addition of straight-chain alkanes in the syntheses processes of ordered MSM on their textural characteristics and specific morphology. The applications of these mesoporous silica materials prepared with the assistance of straight-chain alkanes in the fields such as catalysis, separation, and drug delivery are also presented. In the synthesis of SBA-15 type MSM Figure 2 : Effective chain length of -alkanes as swelling agent [34, 37, 43, 48, 50, 51, 55, 56] .
the MSM templated by CTAB [48] . They found that the alkanes with = 9 to 15 showed best behavior towards the pore expansion in mesoporous silicas, where the increase in d 100 is close to the theoretic chain length of those alkanes. They suggested that a core of alkanes with = 9 to 15 is surrounded by a layer of surfactant CTAB, with a one-to-one alignment of the alkane chain and the surfactant tail. In case of the alkanes with = 5 to 8, small increases in the d 100 value were observed, compared to the entire chain length of the alkanes. Differently, the alkanes with = 5 to 8 may be dispersed between the tails of the surfactant molecules, and thus the entire chain length of the alkanes is not involved in enlarging the size of the surfactant micelles. Higher alkanes with > 15 also cannot result in significant pore expansion, suggesting that these chains may not be rigid enough and thus contribute less to pore expanding than those with from 9 to 15. Conversely, in the synthesis of SBA-15 type MSM, a decrease in the alkane chain length from 12 to 6 carbon atoms led to a unit-cell size enlargement from 13 to 16∼17 nm and pore diameter increasing from 12 to 16 nm [37, 51] . This is consistent with the findings of Nagarajan; that is, the uptake of liner alkanes by micelles of Pluronic copolymers was rather small and it increases as alkanes chain length decreases [54] . Jana et al. investigated the pore expanding effect of some linear alkanes including octane, nonane, decane, tridecane, hexadecane, and eicosane in the synthesis of SBA-15 type materials [50] . They used a triblock copolymer [poly(ethylene glycol) 20 -poly(propylene glycol) 70 -poly(ethylene glycol) 20 ] (Dai-ichi Kogyo Seiyaku, Japan) as the substitute for P123. Being different to some other studies [9, 10] , they did not add the triblock copolymer into HCl solution but into deionized water to form a template-H 2 O solution, followed by the addition of TEOS and HCl, step by step. They found that the use of octane and nonane could only lead to the formation of disordered MCF but the use of decane, tridecane, hexadecane, and eicosane could result in ordered hexagonal mesostructure of SBA- 15 [48] in the synthesis of MCM-41 type MSM and that discovered by Sun et al. [37] and Zhang et al. [51] in the synthesis of SBA-15 type MSM.
These findings suggest that the effective chain length of -alkane should be considered while employed as swelling agent in the synthesis of MSM (see Figure 2) [34, 37, 43, 48, 50, 51, 55, 56] . In the synthesis of SBA-15 type mesoporous silicas with P123 as template agent, the effective chain length almost increases linearly with increasing value and thus the corresponding expanding effect also increases linearly for those -alkanes (C H 2 +2 ) with = 5 to 9. The effective chain length of the -alkanes with = 10 to 15 does not increase but decrease with value and longer alkane leads to smaller pore diameter. In the synthesis of MCM-41 type MSM using CTAB as template, the effective chain length increases linearly with value for those -alkanes (C H 2 +2 ) with = 9 to 15 and C15H32 shows the highest effective chain length. In the synthesis of Ti-HMS molecular sieve with -hexane and -octane as pore expanders [57] , it was also found that the pore diameter of Ti-HMS increased with the increase in the dosage of alkanes and the number of carbon atoms in alkane molecules.
Effect of Alkanes on Morphology.
The alkanes used as swelling agent in the synthesis of MSM can lead to not only the expanded pore diameter but also the lowering of the degree of structural ordering and further change of the structure type [28] . In the studies of Ulagappan and Rao on the effect of different -alkanes on the synthesis of MCM-41 type MSM, the disordering or variability of mesostructure was observed with the addition of -alkanes [48] . Jana et al. also found that the use of decane, tridecane, hexadecane, and eicosane could result in ordered hexagonal mesostructure of SBA-15 type MSM but the use of octane and nonane could not [50] .
Zhang et al. reported for the first time the use ofdecane as the swelling agent in the preparation of a novel type of mesoporous SBA-15 material with unconventional short channels running along the short axis of particles [34] . They used large amount of -decane (with a typical weight ratio of decane to P123 at 5.8 : 1) as cosolvent to synthesize unusual SBA-15 material with cuboid-like morphology and large pore size. The average pore size of this SBA-15 material is around 12.1 nm, which is remarkably larger than that of classic SBA-15 materials, due to the foreseeable expanding effect of -decane [9, 10] . More interestingly, the channel length of this SBA-15 material is decided by the size of these cubo-like particles, which are about 500 nm long and 200 nm wide (see Figure 3 ). The ratio of -decane to P123 was suggested to be the key point that affects the mesostructure of final products. Low ratio of decane to P123 at 0.4 : 1 showed unapparent effect on the morphology of the obtained SBA-15 material, which is fiber-like and similar to the classic SBA-15 materials. While the decane/P123 ratio increases to 5.8 : 1, the change of morphology from fiber-like to cubo-like takes place. Further increase of decane/P123 ration to 7.6 : 1 leads to no further expanding of pore size and its effect on morphology and mesostructure of nanochannels was not mentioned.
TMB/P123 weight ratio should be kept less than 0.3 : 1 to obtain hexagonally ordered SBA-15 materials while TMB is used as a swelling agent [29] . The TMB/P123 weight ratio higher than 0.3 : 1 will lead to disordered mesocellular foam (MCF). Although Zhang et al. mentioned that the amount of -decane used in their preparation was probably enough to form microemulsion, no phase transition was observed when their synthesis process was carried out in a homogeneous mixture of P123-H 2 O-decane. They suggested a side-on mechanism (see Figure 4 ) of condensation between short silicate-doped micelles, similar to the mechanism suggested by Ulagappan and Rao [48] . In such condensation mechanism, -decane in the micelles of P123 acts as swelling agent and then expands the pore diameter. However, the driving force to speciate formation of such novel cubo-like morphology was still indistinct. W it h la r g e a m o u n ts o f d e c a n e 4n (OH2 + ) n + Figure Actually, the TEM image of this SBA-15 with short channels looks more like the cross section [51] of a platelet-like [58, 59] or a short rod-like [60] SBA-15 materials, as short nanochannels (100-300 nm long) could run parallel to the thickness of the nanostructured hexagonal platelet-like or rod-like particles. The high-resolution TEM (HRTEM) image of such SBA-15 sample prepared with a decane/P123 ratio at 5.8 : 1 intensifies such hypothesis [34] . The further studies on the effect of -decane indicated that such abovementioned short channel SBA-15 silica might also be a tower/platelet-like SBA-15 silica (see Figure 5 ) [51] . Additionally, the repetition of the same synthetic process by other researchers indicated that this synthetic system leads to platelet-like SBA-15 type silica (see Figure 6 ) [61] .
Low decane/P123 ratio can also distinctly affect the morphology and ordering of resultant product, reflecting the perturbation effect of -decane on the self-assembly of P123 micelles [34] . Although the pore size related to decane/P123 ratio at 0.4 : 1 was not provided, the obtained fiber-like SBA-15 materials was remarkably shorter and thinner than classic SBA-15 materials. This is agreed with the findings of Ulagappan and Rao [48] .
Secondly, the addition of NH 4 F was considered as a crucial factor for the formation of highly ordered hexagonal mesoporous structure, while only disordered MSM can be obtained without the addition of NH 4 F [34] . F − , as a mineralizing agent, is commonly used in the synthesis of zeolite and some mesoporous materials. Fluoride not only accelerates hydrolysis and polymerization of silica species, but also increases the solubility of certain tri-and tetravalent elements through complexation, allowing well mineralization as well as substantial ordering and significant improvement in mesostructure and macromorphology in aqueous acid media.
Sun et al. [37, 43, 56] and Zhang et al. [51] systematically studied the effect of the addition of some different straight-chain alkanes ( -C H 2 +2 ) on the mesostructure and morphology control of MSM, with carbon number = 5 (pentane), 6 (hexane), 7 (heptane), 8 (octane), 9 (nonane), 10 (decane), 11 (undecane), and 12 (dodecane). Two major modifications to the syntheses were made [37, 43, 51, 56] , comparing with the abovementioned synthesis of SBA-15 type mesoporous silica with the assistance of decane [34] . The first one is the way to add alkanes into reaction mixture. In the report [34] , decane was firstly added into a clear solution of P123-HCl-H 2 O, followed by the addition of NH 4 F and tetramethoxyorthosilane (TMOS) in sequence. In their follow-up studies, hexane [37, 51, 55] , heptane [37, 55, 56] , octane [51, 55, 56] , nonane [37, 51, 55, 56] , decane [51, 55, 56] , undecane [55] , and dodecane [51, 55, 56] , alkanes, and TEOS were premixed and then added into the clear solution of P123 in HCl. The second modification was the concentration of HCl solution used in the synthesis, which was increased from 1.07 M [34] to 1.20-1.30 M [37, 43, 51, 56] . Noticeably, the molar ratios of template to alkanes in the studies of Sun et al. [37, 43, 56] , Sun et al. [56] , and Ulagappan and Rao [48] were distinctly different. Ulagappan and Rao kept the molar ratio of template to alkane at 1 : 1 since this ratio was optimal for obtaining the maximum possible pore size with a given alkane just as in the case of TMB [46] . Sun et al. [37, 55, 56] and Zhang et al. [51] took the molar ratio of template to alkane ranging from 134 : 1 to 755 : 1. These synthesis processes were all based on the cooperation of straight-chain alkanes and micelles of P123 in homogeneous phase. It was strange that the formation of any microemulsion/emulsion had not been observed during these synthesis processes [34, 37, 43, 51, 56] , because the formation of O/W microemulsion/emulsion is reasonable or even inevitable with such high molar ratio of surfactant to alkane [62] [63] [64] [65] [66] .
Because of the two major modifications mentioned above, no such novel short channels as those parallel channels running along the short axis [34] can be observed in the synthesis processes assisted by the straight-chain alkanes with relatively short chain length [37] . Hexane (C 6 H 14 ), heptane (C 7 H 14 ), and nonane (C 9 H 20 ) were used as swelling agents in the synthesis of highly ordered SBA-15 materials with the help of NH 4 F and exhibited an increasing ability to expand the pore size of SBA-15 silica with a decrease in chain length of these three alkanes [37] . The largest pore size (15.7 nm) of SBA-15 silica was achieved with the addition of hexane, which has the shortest chain length among these three alkanes.
The specific area of the obtained SBA-15 silica is inversely proportional to pore size. Shorter chain length of alkane results in lower specific area and larger pore size. Notably, the effect of hexane, heptane, and nonane on the pore size of SBA-15 type mesoporous silica is opposed to that found in the synthesis of MCM-41 type mesoporous silica with CTAB [48] .
In addition, the initial reaction temperature of hydrolysis was found to be a key point to form hexagonally ordered mesostructure. For each alkane among hexane, heptane, and nonane, a critical temperature was found to lead to the phase transition from hexagonally ordered mesostructure to disordered MCF type mesostructure [37] . Such critical temperature was found to be 17 ∘ C, 22 ∘ C, and 27 ∘ C for hexane, heptane, and nonane, respectively. The initial reaction temperature of hydrolysis must be lower than these critical ones to form highly hexagonally ordered mesostructure. Similar request of low reaction temperature was also found in the synthesis of SBA-15 type mesoporous silica with 1,3,5-triisopropylbenzene (TIPB) as a micelle expander [58] . Cao and Kruk usedhexane as swelling agent and low temperature (15 ∘ C) of initial synthesis condition, similar to that of Sun et al. [37] , to obtain highly ordered SBA-15 silica materials with pore diameters ranging from 12 to 18 nm [67] . Sun et al. studied the effect of chain length of straight-chain alkanes ( = 6-12) on the pore enlargement [55] . With or without alkane addition, the phase of surfactant micelle evolutes in a way of amorphous → hexaganol → vesicle-like/hexaganol → vesiclelike → vesicle-like/foam-like → foam-like with increasing temperature of initial synthesis. The phase-transformation temperature is linearly proportional to carbon number, where the optimized temperature of initial synthesis for achieving highly hexagonally ordered mesostructure increases with chain length of alkanes. Notably, the presence of vesiclelike mesostructure indicates the formation of -alkane-P123-H 3 O + microemulsion system in this study. Different mesostructure of MSM can be varied by careful control over the phase behavior of water-alkane-surfactant synthetic mixture. The effect of alkane/surfactant ratio and TEOS/P123 ratio on the phase evolution in water-alkanesurfactant mixture was synergistically studied by Sun et al. [56] and Zhang et al. [51] . With the decane/P123 molar ratio increasing from 134 : 1 to 755 : 1, the obtained SBA-15 materials evolute from chain-like arrays of independent particles to loosely stacked independent particles and finally to a laminalike aggregate of independent particles. All these independent particles of SBA-15 materials are highly ordered with a 2D hexagonal symmetry (p6 mm) and exhibit the morphology similar to that of tower-like SBA-15 [49] . The proposed formation route [51] of these SBA-15 materials is a reprint of the one proposed for the formation of tower-like SBA-15 materials [49] .
The effect of different TEOS/P123 molar ratio with a fixed decane/P123 molar ratio at 235 was also investigated [51] . With increasing TEOS/P123 molar ratio from 48 to 110, the obtained SBA-15 materials show 2D hexagonal symmetry (p6 mm) but the morphology varies from fiber-like bundle (TEOS/P123 = 48 : 1) to loosely stacked independent particles (TEOS/P123 = 60 : 1), platelet-like particles (TEOS/P123 = 77 : 1), and free-standing films (TEOS/P123 = 110 : 1). Notably, Journal of Chemistry 7 while TEOS/P123 molar ratio reaches 110 : 1, the yield of such free-standing films was around 50%, and some aggregated irregular particles were also observed besides these independent films. Similarly, a decrease in the ordering of MSM can also occur while the alkane/P123 molar ratio reaches a high value [68] . In the synthesis of SBA-15 with addition of heptane, the obtained material shows the morphology that consisted of both silica sheets and coarse silica foam [68] .
In the abovementioned synthesis of MSM with the addition of straight-chain alkanes, highly ordered mesostructure with 2D hexagonal symmetry (p6 mm), is common. However, one exception with the use of octane as swelling agent was also reported [43] . The octane-P123-water synthetic system results in novel silica particles in size of 100-200 nm long and 50-80 nm wide. Each particle contains some silica nanotubes arranged parallel in the way close to the minimum requirement for hexagonal structures. The pore size of such silica particles is around 13 nm due to the swelling effect of octane in P123 micelles. No possible route of the formation of such mesoporous silica material was proposed.
Hexane, octane, decane, dodecane, and hexadecane were used as pore-expanding agents in the synthetic system of alkan-ethanol-CTAB-water-NH 4 OH [69] . The pore size can range from 2.5 to 6.0 nm, while decane was found to be the most effective pore expander [69] . Due to very low concentration of alkane in this synthetic system, different straightchain alkanes did not result in much different morphology of obtained mesoporous silica materials. All these mesoporous silica materials consist of independent nanoparticles in the size of the range from 40 nm to 100 nm with irregular shape. The addition of alkane also results in some loss of the order of mesoporous silica materials.
Synthesis with the Separation of Alkane-Rich and WaterRich Phases.
In the alkane-assisted synthesis of mesoporous silica materials, the pore size and morphology of obtained silica materials follow the amount of alkane. Generally, the pore size increases with amount of alkane until a saturation value, beyond which further increasing amount of alkane can hardly affect the pore size. When the amount alkane is lower than the saturation value in surfactant micelles, the alkane mainly acts as swelling agents. The formation of emulsion or microemulsion will be most possible if the amount of alkane is higher than its saturation value in surfactant micelles [63, [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] and then leads to the hierarchical structures in micrometer of nanometer scale. Then, the droplets of alkanesurfactant-water microemulsion will lead to great change of morphology. Johansson et al. used -heptane as prepared large pore SBA-15 and found that the sheets of obtained SBA-15 are fragments of the spheres with a diameter more than 20 m and a sheet thickness of ∼400 nm, reflecting the existence of emulsion droplets during synthesis and the channel length of SBA-15 around 400 nm [80, 81] . The same group also employed the same strategy to prepare SBA-16 with expanded mesopores in the walls of the hollow spheres with a diameter of 10 to 30 m [82] . The hexagonally ordered pore structure can be maintained only for very low TMB/P123 molar ratio but a MCF mesoporous silica will be obtained upon increasing TMB/P123 ratio [70, 71] . When TIPB was used as swelling agent, the obtained silica material changes from hexagonally ordered structure for low TIPB/P123 ratio to a vesicle-like structure for high TIPB/P123 ratio [83] .
The formation of microemulsion can be avoided by adding alkanes after silica source and the formation of embryonic mesoporous silica [84] . In the synthetic processes reported by Sun et al. [37, 43, 55, 56] and Zhang et al. [51] (see Section 2.1.2), alkanes were premixed with silica source and then added into reaction mixture with one exception, in which decane was added into P123-HCl solution before the addition of TEOS [34] . The formation of microemulsion can be possibly depressed in these cases [37, 43, 51, 55, 56] . However, the separation of alkane-rich phase and waterrich phase is inevitable when the amount of alkane is much higher than its solubilization capacity (saturation value) in surfactant micelles. Such separation of oil-phase and waterphase will inevitably result in irregular silica particles and the loss of highly ordered mesostructure.
Zhang et al. synthesized SBA-15 type mesoporous silica with -decane as swelling agent in consideration of the fact that the excess amount of -decane results in a separation of alkane-rich and water-rich layers after the addition of -decane into P123-H 2 O solution [52] . The amount (the typical decane/P123 molar ratio was 310) of added -decane was much higher than its saturation value in P123 micelles [54] . Consequently, a clear separation of decane-P123-water mixture to form an upper alkane-rich layer and a water-rich layer can be observed after stopping stirring (Figure 7(e) ). A clear water-rich layer can be obtained after the removal of the upper alkane-rich layer (Figure 7(i) ). Then, the silica source TEOS was added in the remaining water-rich layer to complete the synthesis of MSM. In such a synthetic process, highly ordered SBA-15 type mesoporous silica materials can be obtained with the help of NH 4 F. As we can see in Figure 7 , different straight-chain alkanes such as -hexane, -heptane, -octane, -nonane, -decane, -undecane, -dodecane, and -bioctyl lead to the same phenomenon if they were put into the synthesis of MSM in a P123-H 2 O system. These different straight-chain alkanes can lead the MSM materials with different pore structures and morphologies [52, 53] . If the separation of such alkane-P123-water mixtures or the removal of upper alkane-rich layer is omitted, only smashed hollow silica spheres in scattered scales can be achieved. This is different from the results achieved by Sun et al. [37, 43, 55, 56] , Tian et al. [85] , and Zhang et al. [34, 51] , who did not observe any phase separation of alkane-P123-H 2 O mixture to form upper alkane-rich layer and water-rich layer like that in Figure 7 .
With the decane/P123 molar ratio ranging from 310 to 119, hexagonally ordered SBA-15 type mesoporous silica can be obtained with a TEOS/P123 molar ratio of 41.4. The decane/P123 ratio at 119 needs an increased TEOS/P123 ratio at 59.6 to ensure the formation of hexagonally ordered SBA-15 type mesoporous silica. The pore size of the obtained mesoporous silica materials is around 12.2 nm, which is obviously larger than that of conventional SBA-15 type silica but smaller than that reported by Zhang et al. and Sun et al. using -decane as swelling agent [34, 55, 56] . The changes of decane/P123 ratio and TEOS/P123 ratio just make the pore 8 Journal of Chemistry size of final products vary in a narrow range, reflecting that the solubilized decane in P123 micelles that had reached its saturation value. The TEM images indicate that these SBA-15 type silica particles have hexagonally ordered nanochannels about 400 nm long. These hexagonally ordered nanochannels are along the direction vertical so that the particles grow.
Additionally, the alternating protuberant and hollow parts are partially a replica of these hexagonally ordered channels along the direction where those particles grow. The 3D tomography scan (Figure 8) indicates that the morphology of the obtained mesoporous silica is hierarchical 3D cocoon-like pouches with the wall constructed by hexagonally ordered nanochannels, which are characterized by their p6 mm symmetry of SBA-15 type mesoporous silica. Then, the channel length of these particles is decided by the size of these 3D cocoon-like pouches and is around 200-400 nm. One side of these cocoon-like pouches is open, implying possible application of this material in drug delivery, separation, adsorption, nanoreactor, and so forth [86] . The mechanism for the formation of this cocoon-like pouches was suggested to be an oil-in-water (O/W) emulsion assisted process [52] . In such oil-in-water emulsion assisted process, the residual -decane in the water-rich layer plays two roles. The first one is to act as the swelling agent leading to enlarged pore size of obtained mesoporous silica. Meanwhile, the residual -decane in the water-rich layer enables the formation of O/W emulsion. The droplets of such O/W emulsion present in the synthetic system and the crystallites of embryonic silica particle prefer to attach to the outside of these droplets. The attachment of these crystallites to O/W emulsion droplets is energetically more favorable to other crystallites in an end-to-end way. However, the O/W emulsion droplets can aggregate in the hydrolysis process and hydrothermal process and then build in cocoon-like pouches, whose walls are constructed by highly ordered hexagonal channels of SBA-15 type silica materials. If stirring is stopped as soon as the white precipitation appears after the addition of TEOS [52, [87] [88] [89] , neither hexagonally ordered mesostructure nor cocoon-like morphology but onion-like or cracked onion-like silica spheres with some parallel nanochannels along them were obtained [52] , reflecting the formation of O/W emulsion in this synthetic system. These onion-like silica spheres are composed of aggregated nanochannels 100-200 nm long, which is very close to the channel length of these cocoon-like pouches. These onion-like silica spheres are embryonic patterns of final products. According to this mechanism, the channel length of obtained MSM is decided by the diameter of O/W emulsion droplets. This mechanism (see Figure 9) is also reflected by the other synthesis of MSM with emulsion templating and characterized by the hierarchical hollow spherical morphologies of obtained MSM [68, 80-82, 90, 91] .
In Figure 7 , the -hexane-P123-water and -dodecane-P123-water systems also show the phase separation to form upper alkane-rich layer and water-rich layer below. With the removal of upper alkane-rich layer prior to the addition of TEOS, only -decane-P123-water system can result in the formation of hexagonally ordered MSM [53] . The -hexane-P123-water system leads to the formation of MCF material, which has typical MCF morphology and mesostructure as that of the MCF materials prepared with TMB [9] or TIPB [41, 42, 58, 67] . However, the pore size of such MCF material prepared with -hexane is around 10 nm, much different from that of the MCF materials prepared with TMB or TIPB. The small pore size of the MCF material should be due to the smaller molecular size of -hexane than that of TMB or TIPB. The -dodecane-P123-water system results in a nanosized fiber-like MSM, which is composed of silica nanotube bundles. These nanotube bundles contain just several nanotube channels arranged parallel in one unit. The pore sizes of the MSM prepared with -hexane, -decane, and -dodecane vary from 10 nm ( -hexane) to 11 nm ( -dodecane) and 12 nm ( -decane), indicating that the swelling effects of these straight-chain alkanes are comparable although the chain length and molecule size of them are remarkably different.
In the syntheses assisted by -hexane, -decane, anddodecane, the molecular ratios of alkane/P123 and TEOS/ P123 were all calculated by the amount of alkane, and P123 and TEOS were added into the system [52, 53] . The removed upper alkane-rich layer also contains P123 and water in addition to alkane and thus the ratios of alkane/P123 in the residual water-rich layers are different from the original ones.
The pore expanding effect of decane in the synthesis of MSM templated by other nonionic gemini surfactant (E900Myr) under neural pH was also studied [45] . Upon addition of decane the hexagonal structure was kept as far the concentration of oil remained lower than 10 wt%. If the hydrothermal treatment was carried out at low temperature of 50 ∘ C, a slight increase of the mesopore diameter was observed in the presence of decane. Increasing the temperature up to 80 ∘ C, the mean pore diameter decreases, in contrary to pore expanding upon the addition of decane. At the same time, better mesopore homogeneity and a larger wall thickness can be obtained. At high decane concentration, the oil-in-water emulsions formed by E900Myr/decane/water system could be used as template for the formation of hierarchical porous silica materials, which is quite different from the effect of increasing alkane/P123 molar ratio discovered by Sun et al. [37, 43, 55, 56] and Zhang et al. [34, 51] . Notably, the amount of ethanol can determine the pore size and the construction of pore structure while the concentration of NH 4 OH can directly influence and control the condensation rate of silica source and leads to different mesostructures.
The Application of the Mesoporous Silica Synthesized with Straight-Chain Alkanes
Since the invention of MSM such as MCM-41 and SBA-15, their application in abundant fields has been widely proposed and developed due to the potentiality to achieve a so-called nanoeffect in their nanochannels [75, [92] [93] [94] . Janssen et al. used 3D-TEM to study the shape of SBA-15 and found that the conventional SBA-15 MSM is composed of long and curved mesopores, which is not favorable to its application in many fields [95] . TMB [9, 10, [29] [30] [31] [32] , TIPB, and cyclohexane [28, [40] [41] [42] 96] were used by many scientists as pore expanders to achieve big pore size but these swelling agents can also remarkably change the mesostructures and morphologies of obtained MSM materials. More importantly, these branchchain alkanes like TMB and TIPB normally exhibit very good pore expanding effect due to their relatively big molecular size, but this also means that they can hardly lead to a mesopore in a medium size. The use of TMB or TIPB as swelling agent can lead to a mesocellular foam silica (MCFs) with pore size as big as 30-50 nm but cannot lead to a MCFs with pore size as narrow as 10 nm [10, [29] [30] [31] 97] . The use of -hexane as swelling agent with a phase separation of hexane-P123-H 2 O mixture and the removal of upper hexanerich layer results in a MCFs material with mesopores as big as only 10 nm [53] . The straight-chain alkenes assisted synthetic systems make it possible to develop unconventional mesoporous silica materials with the characteristics like enlarged pore size, short channel length, and hierarchically constructed mesostructure and then remarkably enhance the application of mesoporous silica materials in different fields.
Adsorption and Separation.
In chromatographic separation, using MSM as stationary phases, pore size is requested to be larger than 4 nm to expand their application in the chromatographic separation of biomolecules and aromatic molecules. The SBA-15 type MSM prepared using a synthetic system of decane-P123-water-TEOS exhibits a pore size of 12 nm as well as an average particle size of 400 nm [85] . The C18 derivative of this unconventional SBA-15 type MSM was packed into 50 m capillary for the application of capillary electrochromatography (CEC). Such material was found to be effective packing material for CEC application in either normal-phase or reverse-phase mode. In the normal-phase mode, high efficiency can be achieved for the separation of polar solutes due to the submicrometer particle size. In reverse-phase mode, high-speed separation of neutral and basic compounds can be achieved in 60 s.
Using the abovementioned pore-expanded MSM as support materials [69, 98] , a model enzyme (Lysozyme) was introduced into the tunable nanopores of these nanoparticles. It was found that the pore-expanded silica shows larger adsorption capacity than the conventional mesoporous silica with pore size of 2.5 nm. The channel length of these poreexpanded mesoporous silica nanoparticles is less than 100 nm and these materials exhibit good potential to be a suitable carrier for enzyme delivery in the future [69] . The SBA-15 type material with an enlarged pore size of 12.0 nm shows higher adsorption capacity of lysozyme of 420. 8 [99] . The reason for the high adsorption capacity of the SBA-15 materials is that the size of lysozyme is larger than MCM-41 pores but well suits the pore size of SBA-15 materials. A SBA-15 material was synthesized with the assistance of octane and employed for adsorption of biomolecules and showed the highest maximum adsorption capacity of bovine serum albumin (BSA) and lysozyme (LYS) [100] .
The platelet-like SBA-15 type silica prepared withdecane was modified by amine and employed in the adsorption of CO 2 [61, 101] . Besides the pore size and pore volume, the channel length of mesoporous silica plays a significant role in the performance of supported polyethylenimine (PEI) for CO 2 adsorption. The short channel SBA-15 silica prepared with -decane was found to be a much better support for PEI and CO 2 uptake at low temperature due to diminished diffusion. In the adsorption of acid dyes, the short channeling pores of the amino-functionalized SBA-15 platelets facilitated the diffusion of dye molecules inside the pores and prevented the aggregation of dye molecules from the blocking of the pores [102] . However, the adsorption capacity is dependent on the amount of amino-loading and surface area of the SBA-15 materials. Another thing that needs to be noticed is that the adsorption of volatile organic compounds (VOCs) such as toluene and benzene with MSM materials is probably not favored by short channel but long nanochannel of conventional fiber-like SBA-15 [103] .
Hard Template.
The mesoporous silica materials obtained in the straight-chain assisted system can be used as hard templates for the preparation of other mesoporous materials [104, 105] . The assistance of -hexane leads to formation of a macromesoporous silica material, which was used as the hard template for the preparation of hierarchically ordered macromesoporous carbon materials [106] .
Catalysis.
The MSM materials obtained in straight-chain alkanes assisted synthesis can offer short-length mesopores, which can lead to easy mass transfer in both biomolecule absorption and the facile assembly of metal nanocomposites within their pore channels [107, 108] .
The abovementioned SBA-15 type mesoporous silica [52, 53] prepared with the assistance of -decane was employed as the support material of immobilized chiral Mn(salen) catalyst for the heterogeneous asymmetric epoxidation of unfunctionalized olefins [109] . Motion restriction and confinement effect in the nanochannels of support materials can affect the cis/trans ratio and enantioselectivity of obtained chiral epoxides. In the nanochannels of mesoporous silica with tunable pore dimension and channel length, motion restriction and confinement effect can be tuned and thus the product distribution of heterogeneous asymmetric epoxidation can be adjusted sequentially.
Decane and dodecane were used as swelling agents to prepare the SBA-15 type mesoporous silica materials with enlarged pore size (around 11 nm) and short channel length (300-500 nm) [110] . The impact of channel length on metal dispersion and the catalytic performance of Ru-Co/SBA-15 catalysts in Fischer-Tropsch synthesis had been investigated. The long channel length (up to 10 m) and corresponding long channel-residence time for conventional SBA-15 promote the formation of highly aggregated rod-like CO 3 O 4 particles. The short channel SBA-15 silicas were found to be able to greatly enhance the dispersion of metal active species. The high dispersion of metal active species leads to a higher Co-time-yield under realistic Fischer-Tropsch conditions. At 55% CO conversion level, the selectivity to desired C5+ fraction progressively increases when the channel length of the SBA-15 support is gradually shortened. The design of Fischer-Tropsch catalysts on the short channel SBA-15 silica with large pore size was suggested to be a successful strategy toward improved catalytic activity and C5+ hydrocarbon selectivity.
In the oxidative removal of 4,6-dimethyldibenzothiophene (4.6-DMDBT), Sun et al. found that the catalytic performance of Ti-HMS molecular sieve can be remarkably enhanced while its pore size was expanded from 2.3 nm to 3.7 nm with the addition of -hexane or -octane in its preparation [57] . However, the effect of the addition -hexane or -octane on the morphology of obtained Ti-HMS material was absent. A SBA-15 material prepared with the assistance ofdecane demonstrates appropriate channel size (14.0 nm) and best capacity of lipase. The immobilized catalyst with this SBA-15 material shows much higher activity and sustainability of activity than the immobilized catalysts with a MCM-41 material (channel size 1.8 nm) and a MCF material (channel size 28.0 nm) as support materials in the transformation of unrefined wasted cooking oil to biodiesel [111] .
-Hexane was used as swelling agent for the preparation of variable pore diameter SBA-15 materials and [39] . The SBA-15 supported catalyst with pore diameter of 10 nm sufficient mass transfer of reactant liquids and gases through the catalyst's pores while still maintaining a high surface area necessary for metal dispersion.
Conclusions
It is possible to tune the mesostructure and morphology of MSM by controlling the type and amount of surfactant and silica source and other synthesis parameters, that is, temperature, inorganic mineralizing agent, and the way to introduce the swelling agent into reaction mixture. Acting as swelling agents, straight-chain alkanes (C H 2 +2 , = 5 to 20) have been widely used in the synthetic systems of C H 2 +2 -surfactant-water-SiO 2 (see Table 1 ), which play a critical role in fabrication of MSM with tunable pore diameter, channel length, and specific morphology. The MSM prepared with the assistance of straight-chain alkanes is characterized by enlarged pore diameter, short channel length, and hierarchically constructed mesostructure. Their application indicates that the exploitation of these unconventional mesoporous silica materials is a prospectively successful strategy in the fields, for example, catalysis, adsorption, separation, and nanomaterial preparation.
